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The Xenopus homeobox gene twin is involved in the Wnt-mediated induction of Spemann’s organizer. Additionally, several
ines of evidence indicate that bone morphogenetic proteins (BMPs) play a role in repressing the formation of the organizer
y antagonizing the expression of genes involved in organizer establishment. In order to determine at what level BMPs exert
heir effect, we measured the activity of different genes expressed within the organizer region. We report that BMP signaling
an antagonize the induction of the dorsal-specific gene goosecoid but is unable to affect Wnt signaling at the level of twin.
hese results suggest that the antagonistic activities of BMPs in organizer formation occur postzygotically, independent ofwin regulation, and that Wnt-like dorsal determinant signaling pathways do not crosstalk with BMPs. © 1999 Academic Press
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Establishment of the dorsoventral body axis in Xenopus
requires the activity of Spemann’s organizer, an embryonic
signaling center essential for the induction of dorsal struc-
tures. The events leading to organizer formation are initi-
ated at fertilization when sperm entry triggers the rotation
of the outer egg cortex relative to the inner endoplasm, with
the point of sperm entry predicting the ventral side of the
embryo (Gerhart et al., 1989). This cortical rotation results
n the distribution of vegetally localized dorsal determi-
ants to the dorsal side of the embryo, the location of the
rospective organizer (reviewed in Gerhart et al., 1989).
xposure of embryos to ultraviolet (UV) light prior to the
rst cleavage results in hyperventralized embryos lacking
orsal structures (Scharf and Gerhart, 1983) since this
reatment blocks organizer establishment by preventing the
ovement of the dorsal determinants to the dorsal side of
he embryo (Holowacz and Elinson, 1993; Kageura, 1997).
he dorsal overexpression of bone morphogenetic proteins
BMPs) produces a similar phenotype and results in the
epression of organizer-specific genes such as goosecoid
Xgsc) (Dale et al., 1992; Jones et al., 1992; Hawley et al.,
995; Jones et al., 1996). However, whether BMPs interfere1 To whom correspondence should be addressed. Fax: (949) 824-
4067 or 4709. E-mail: kwcho@uci.edu.
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All rights of reproduction in any form reserved.ith dorsal determinant activity, or by an alternative
echanism, is not well understood.
Recently, two Xenopus Wnt target genes, Xsiamois (Xsia)
nd Xtwin (Xtwn), were identified based on their ability to
nduce ectopic organizer tissue when overexpressed in
mbryos (Lemaire et al., 1995; Laurent et al., 1997). Several
lines of evidence indicate that Xsia and Xtwn are regulated
by Wnt-like dorsal determinants. First, spatiotemporal ex-
pression of these genes is consistent with dorsal determi-
nant activity as both Xsia and Xtwn are detected within the
dorsal marginal zone at MBT (Lemaire et al., 1995, Laurent
et al., 1997). Second, both Xsia and Xtwn are specifically
induced in response to ectopic Wnt-type signals via consen-
sus LEF/Tcf3 binding sites present in the Xsia and Xtwn
promoters (Brannon et al., 1997; Laurent et al., 1997).
LEF/Tcf are transcriptional factors which physically asso-
ciate with b-catenin (Behrens et al., 1996; Huber et al.,
996; Molenaar et al., 1996) to regulate downstream Wnt
target genes. These LEF binding sites are required in vivo
ince mutations within these sites abrogate normal expres-
ion and prevent Xsia and Xtwn reporter genes from re-
sponding to Wnt signals (Brannon et al., 1997, Laurent et
al., 1997). These results suggest that Xtwn and Xsia are
direct target genes regulated by Wnt-type dorsal determi-
nants. While Xtwn expression is primarily induced in
response to Wnt-mediated signaling, Smad-mediated ac-
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158 Laurent and Chotivin signaling has also been implicated in Xsia induction
Crease et al., 1998).
Organizer specification appears to require input from
oth the Wnt-like dorsal determinants and the members of
he TGF-b superfamily. Support for this interaction has
een provided by analysis of the regulation of the organizer-
pecific homeobox gene, Xgsc. Molecular studies demon-
trate that Xgsc expression is mediated by the combined
ffects of two regions of the promoter, the distal element
DE) and the proximal element (PE). The DE responds
irectly to dorsal mesoderm-inducing signals such as those
imicked by activin and BVg1 (members of the TGF-b
superfamily), whereas the PE responds indirectly to Wnt
signaling following the induction of the Xtwn/Xsia-type
homeobox genes (Watabe et al., 1995; Fan and Sokol, 1997;
Kessler, 1997; Laurent et al., 1997).
While organizer activity is positively regulated by TGF-b
molecules such as activin and Vg1, overexpression of the
BMPs, a subfamily of TGF-b molecules, antagonizes orga-
nizer activity and is important in the specification of
ventral cell fates. Using reporter genes containing various
growth factor-responsive elements of Xgsc, BMP signaling
has been demonstrated to attenuate activin/BVg1-type in-
duction of Xgsc expression by competing for a limited pool
of Smad4, a common signaling component shared by both
of these pathways (Candia et al., 1997). As overexpression
of BMPs dorsally results in the abrogation of Xgsc expres-
sion and a hyperventralized phenotype indistinguishable
from those of UV-irradiated embryos in which cortical
rotation is blocked, we wished to determine whether the
mechanisms dictating ventralization are similar. In this
article we show that BMP ventralization occurs by a dis-
tinct process. While BMP signaling can interfere with the
expression of the organizer marker gene Xgsc, it is unable to
alter the Wnt-mediated induction of Xtwn and Xsia. These
results suggest that BMP antagonism of the organizer oc-
curs independent of the dorsal determinants in their initia-
tion of organizer function.
MATERIALS AND METHODS
Embryo Manipulations and RNA Injections
Eggs were fertilized in vitro and dejellied and resultant embryos
cultivated as described previously (Cho et al., 1991). Staging was
ccording to Nieuwkoop and Faber (1967). Dorsoventral polarity
as determined and embryos were selected based upon appropriate
igment distributions. The dorsal regions of embryos were marked
ith Nile blue dye for orientation during explant dissections. For
ABR and DNBR RNA injections, RNA was prepared as described
n Candia et al. (1997).
RT-PCR Analysis
RT-PCR analysis was performed as described previously (Blitz
and Cho, 1995). An exception was made in Fig. 1, in which 22
cycles of PCR were performed for the histone H4 primers. The
twn and Xsia primers are described in Laurent et al. (1997). The
Copyright © 1999 by Academic Press. All rightgsc primers used were described in Watabe et al. (1995). The
istone H4 primers were described in Blitz and Cho (1995). Xvent
rimers were described in Candia et al. (1997). Chordin primers
ere AACTGCCAGGACTGGATGGT and GGCAGGATTTA-
AGTTGCTTC. Xnr3 primers were AGGCAAAAGGTCTC-
ATCTG and TGCCCCATCCGATCTTCTG. noggin primers
ere AGTTGCAGATGTGGCTCT and AGTCCAAGAGTCT-
AGCA. Amplification of all fragments was within the linear
ange of the PCR after 25 cycles except for histone H4, which was
aturated after 24 cycles of PCR.
Luciferase Assays
The luciferase assays were performed as described previously
(Watabe et al., 1995).
RESULTS AND DISCUSSION
Organizer activity is positively regulated by activin/Vg1-
and Wnt-type signals and antagonized by BMP signaling. In
order to better understand the antagonistic effects mediated
by BMPs, we examined the influence of BMPs on the
expression of organizer-specific homeobox genes such as
Xsia, Xtwn, and Xgsc. As Xsia and Xtwn expression is
nduced primarily in response to Wnt-type signals, the
ffects of BMP signaling on the expression of Xtwn and Xsia
ere examined. Furthermore, BMP antagonism of Xgsc
xpression was also studied to distinguish between BMP
nterference with either activin- or Wnt-mediated induc-
ion of the organizer since Xgsc induction requires syner-
istic input from both activin/Vg1- and Wnt-type signals.
In order to investigate the effects of BMP signaling upon
he endogenous expression of these molecules, synthetic
NA encoding either a constitutively active or a dominant
egative form of the Xenopus BMP type I receptor, CABR or
DNBR, respectively (Suzuki et al., 1994; Candia et al.,
997), was injected into the dorsal marginal zone region of
our-cell-stage embryos. Dorsal marginal explants were
solated from the prospective organizer region at blastula
tage 9. At early gastrula stage 10.25 (when both Xtwn and
Xgsc are normally expressed), RNA was harvested from
explants derived either from uninjected embryos or from
embryos injected with either CABR or DNBR mRNA.
RNAs from these dorsal marginal zone explants were then
subject to RT-PCR analysis. As shown in Fig. 1, injection of
as much as 2 ng of either CABR or DNBR mRNA has no
effect on Xtwn or Xsia expression relative to explants from
uninjected embryos (lanes 2–6), whereas Xgsc expression is
reduced in the presence of CABR (lanes 4 and 6). To
demonstrate that BMP signaling is indeed active, the ex-
pression levels of the BMP-responsive gene Xvent1 were
analyzed by RT-PCR following injections of CABR and
DNBR mRNA. As expected, Xvent1 expression was en-
hanced in the presence of CABR (lanes 4 and 6). These
results indicate that the expression levels of Xtwn and Xsia
are not significantly affected by BMP-type signals while the
expression level of Xgsc is regulated by BMP signals in a
s of reproduction in any form reserved.
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159BMP Antagonism of Spemann’s Organizernegative manner. Interestingly, we find that the expression
of chordin and noggin is also significantly reduced in the
presence of BMP signaling, while the expression of Xnr3 is
relatively unaffected.
To confirm that BMP signaling does not significantly
affect Xtwn expression, Xtwn and Xgsc reporter constructs
ere injected into the dorsal equatorial (C1), the ventral
quatorial (C4), or the ventral animal (A4) blastomeres of
2-cell stage embryos. Embryos were harvested at gastrula
tage 10.25 and monitored for luciferase activity. The Xtwn
onstruct used, 2357 Xtwn/Luc, contains all three LEF
onsensus binding sites which are required to mediate Wnt
nduction of Xtwn (Laurent et al., 1997), while 2226
gsc/Luc possesses both the DE and the PE, which respond
o activin and Wnt signals, respectively (Watabe et al.,
995). Two additional Xgsc promoter luciferase constructs,
E(6X)Xgsc/Luc, which comprises six copies of the DE, and
FIG. 1. RT-PCR analysis of Xtwn, Xsia, and Xgsc in explants
erived from embryos injected with CABR or DNBR. The dorsal
lastomeres of four-cell-stage embryos were injected with 1 or 2 ng
f either constitutively active or dominant negative BMP receptor
RNA (CABR or DNBR, respectively). At gastrula stage 10.25,
NA from dorsal explants (dissected at blastula stages 8.5–9) was
nalyzed for Xtwn, Xsia, Xgsc, chd, noggin, Xnr3, Xvent1, and
istone H4 expression by RT-PCR. histone h4 expression acts as a
oading control. Although CABR and DNBR signaling affects Xgsc,
hd, and noggin expression levels, the levels of Xtwn and Xsia
remain unchanged by BMP signaling. These experiments were
performed on three separate occasions with similar results ob-
tained each time. One representative experiment is shown.155 Xgsc/Luc, a construct which contains only the proxi-
al element, were also injected to investigate the means by
Copyright © 1999 by Academic Press. All righthich BMP signaling exerts its effects on Xgsc expression.
t has previously been shown that BMP signaling can affect
E-mediated induction of Xgsc (Candia et al., 1997); how-
ver, the effects of BMP signaling on Wnt-mediated induc-
ion of Xgsc via the PE have not been analyzed. As shown in
ig. 2a, the presence of BMP signaling can reduce the
ndogenous induction of 2226 Xgsc/Luc by 200-fold. In
ddition, as has been shown previously, BMP signaling can
lso significantly repress endogenous induction of the DE
ultimer-luciferase construct, DE(6X)Xgsc/Luc (Fig. 2a).
nterestingly, BMP signaling also appears to have some
epressive effects on PE-mediated induction of Xgsc as
videnced by the 5-fold level of repression of 2155 Xgsc/
uc, although how this repression is orchestrated is still not
lear. However, analysis using a reporter gene containing a
ultimerized PE(PE(5X)gsc/Luc) demonstrates that micro-
njection of dominant-negative Smad4 (DN-Smad4) can
ffectively block the induction of the reporter gene (Fig. 2b),
uggesting the involvement of Smads in PE-mediated tran-
criptional regulation. Unlike the Xgsc luciferase con-
tructs, expression of 2357 Xtwn/Luc is not significantly
ffected by BMP signaling since the levels of induction in
oth the absence and the presence of BMP signaling have
ery similar profiles (Fig. 2a).
To further demonstrate that BMP signaling does not
ignificantly affect Xtwn’s expression, 2357Xtwn/Luc was
njected either alone or with different concentrations of
ynthetic mRNA into the animal pole region of four-cell-
tage embryos. Animal pole explants were collected from
njected embryos at blastula stage 9 and allowed to develop
n isolation until gastrula stage 10.25 at which point they
ere harvested and assayed for luciferase activity. As ex-
ected, injection of 30 and 100 pg of XWnt8 mRNA could
nduce 2357 Xtwn/Luc to activity levels of 13- and 27-fold,
espectively, over injection of reporter gene alone (Fig. 2c).
o determine whether BMP signaling can exert an effect on
nt-mediated induction of Xtwn, CABR mRNA was co-
njected with XWnt8 mRNA into animal pole blastomeres.
s shown in Fig. 2c, BMP signaling, at concentrations as
igh as 2 ng of CABR mRNA, did not significantly alter
nt-mediated induction of Xtwn expression.
Data obtained by both RT-PCR and luciferase reporter
ene analyses demonstrate that BMP signaling does not
ffect Xtwn or Xsia expression but can reduce Xgsc expres-
ion. According to these observations, we predict that
verexpression of CABR should still be able to suppress the
ffect of Xtwin/Xsia-mediated secondary axis induction by
locking the expression of Xgsc and other downstream
arget genes. Indeed, the frequency of complete secondary
xis (including head structures) formation induced by
twin overexpression is reduced drastically (92% (n 5 12)
to 0% (n 5 25)) in the presence of CABR.
The suppression of Xgsc by BMP signaling appears to be
mediated both through the DE and through the PE. The
PE-mediated suppression of Xgsc by BMP signaling and
DN-Smad4 is interesting in light of recent evidence sug-
gesting that a complex composed of Smad2, Smad4, and
s of reproduction in any form reserved.
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FIG. 2. Analysis of BMP signaling on Xtwn and Xgsc reporter ge
357 Xtwn/Luc was injected into the dorsal (C1) (designated D
lastomere of the 32-cell-stage embryo. Luciferase constructs we
resence (1) of 2 ng of synthetic mRNA encoding a constitutively
he Xgsc promoter are indicated by DE and PE, respectively. Experim
eviation indicated by error bars. The average levels of fold inductio
ignaling can repress the induction of the Xgsc reporter genes 222
twn/Luc is not significantly affected by active BMP signaling. (b)
oncentrations of DN-Smad4 mRNA. Overexpression of dominant
n the C1 cell. (c) 2357 Xtwn/Luc, a luciferase construct which is
lone or with synthetic RNA into the animal pole region of 4-cell-
nd assayed for luciferase activity at gastrula stage 10.25. 30 and 1
ctivity levels of 13- and 27-fold, respectively. However, the presen
oes not alter Wnt-mediated Xtwn induction, indicating that BM
experiments were performed on three separate occasions with similar(Labbe et al., 1998). Perhaps in the presence of BMP signal-
ing, induction of Xgsc via the PE is attenuated via Smad
(
a
Copyright © 1999 by Academic Press. All rightompetition as has been suggested previously for the DE
(a) 160 pg of 2226 Xgsc/Luc, DE(6X)Xgsc/Luc, 2155 Xgsc/Luc, or
e ventral (C4) (designated V), or the animal (A4) (designated V)
jected into these blastomeres either in the absence (2) or in the
e BMP receptor (CABR). The distal and the proximal elements of
were performed a minimum of three times, each with the standard
ative to background, A4 levels of activity are indicated. While BMP
sc/Luc, DE(6X)Xgsc/Luc, and 2155 Xgsc/Luc, expression of 2357
pg of PE(5X)gsc/Luc was injected into the C1 cell with increasing
tive Smad4 blocked the expression of PE(5X)gsc/Luc reporter gene
cient to mediate Wnt-type induction of Xtwn, was injected either
embryos. Animal pole explants were collected at blastula stage 9
g of synthetic XWnt8 mRNA is able to induce 2357 Xtwn/Luc to
BMP signaling via co-injection of 2 ng of CABR synthetic mRNA
gnaling is unable to significantly affect Xtwn expression. These
lts obtained each time. A single representative experiment is shown.nes.
), th
re in
activ
ents
n rel
6 Xg
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00 p
ce ofCandia et al., 1997). We propose a model whereby BMPs
ntagonize organizer activity by interfering with the induc-
s of reproduction in any form reserved.
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161BMP Antagonism of Spemann’s Organizertion of genes active in the organizer, such as Xgsc, but do
ot affect the expression of genes such as Xtwn and Xsia
hich are involved in initial organizer formation (Fig. 3).
hus ventralization produced by BMP signaling is clearly
ifferent from that of UV irradiation as it occurs at a later time
han the activities initiated by the dorsal determinants. UV
rradiation blocks the distribution of the dorsal determi-
ants during cortical rotation, while BMP signaling inhibits
he expression of genes involved in organizer activity.
In Drosophila, genetic analysis has revealed that BMP
nd Wnt signaling can interact to affect growth and pattern-
ng in the embryo. In the patterning of the Drosophila leg
iscs, it has been demonstrated that antagonism between
ingless (Wg; homolog of vertebrate Wnt) and Decapen-
aplegic (Dpp; homolog of vertebrate BMPs) signals estab-
ishes distinct regions of gene expression (Jiang and Struhl,
996; Johnston and Schubiger, 1996; Theisen et al., 1996).
urthermore, endoderm formation requires input from both
g and Dpp signaling since the midgut enhancer of the
ltrabithorax gene possesses adjacent Wg- and Dpp-
esponsive elements which act coordinately to enhance
bx expression (Riese et al., 1997). While this genetic
vidence shows that Wg and Dpp do interact, the molecular
echanism for this interaction is not clear. While Wg and
FIG. 3. Model of BMP antagonism of organizer-specific genes.
Xgsc expression is mediated via the combined effects of two regions
of its promoter, the distal element (DE) and the proximal element
(PE). The DE responds directly to mesoderm-inducing signals such
as activin, whereas the PE responds indirectly to Wnt signaling, i.e.,
following the induction of the Xtwn/Xsia homeobox genes. Activin
stimulates the association of Smad2 and Smad4 (numbered dia-
monds) with an as yet unidentified factor (ovals containing ques-
tion marks). Xtwn/Xsia expression is induced primarily by Wnt
signaling. The homeodomain(s) of the Xtwn and/or Xsia proteins
binds to the PE of the Xgsc promoter, as monomers, homodimers,
or heterodimers. Hypothetical dimeric forms of Xtwn/Xsia (black
circles) are shown here since the Xtwn/Xsia binding sites within
the PE contain inverted repeats. In the presence of BMP signaling,
induction of Xgsc is attenuated, possibly due to the intracellular
competition for shared signaling components required by the DE
and the PE.pp could crosstalk intracellularly, it is equally possible
hat Wg indirectly regulates the expression of Dpp to
Copyright © 1999 by Academic Press. All rightctivate or repress Dpp signaling and/or vice versa. In the
ase of Xenopus organizer formation, our analysis reveals
hat BMP signaling does not converge intracellularly with
nt signaling at the level of the dorsal determinants and
uggests that BMP and Wnt signaling function indepen-
ently.
Recently, it has been shown that activin-like signaling
ia Smad2 enhances Wnt-mediated induction of Xsia
Crease et al., 1998). However, at the present time, it is not
lear as to how the activin/BVg1-mediated Smad2 pathway
s involved in modulating the expression of Xsia. One
nterpretation might be that activation of the activin path-
ay indirectly participates in Wnt-mediated Xsia and Xtwn
nduction by triggering the activity of signaling compo-
ents involved in their expression, rather than the activin
athway being directly involved in the induction of genes
uch as Xtwn/Xsia. Our results strongly suggest that the
echanism by which Smad2-mediated induction of Xtwn
nd Xsia occurs is distinct from that of Xgsc, since BMP
ignaling is unable to repress Xtwn and Xsia expression.
The observation that BMP signaling does not affect the
gene expression of Xsia and Xtwn (genes that are turned on
earlier than Xgsc), yet influences the gene expression of
Xgsc and potential downstream target genes such as chor-
din and noggin, suggests that BMPs may exert their effects
postzygotically during late blastula to early gastrula stages.
Our previous work has also suggested that induction of the
organizer requires two phases of regulation: an initiation
establishment phase and a maintenance phase involving
stable expression of organizer-specific genes (Artinger et al.,
1997). It may be that Xtwn and Xsia are involved in the
initiation phase of organizer formation while the mainte-
nance phase of organizer function (possibly mediated by
continuous expression of Xgsc) is inhibited in the presence
of BMP signaling. Further characterization of the regulation
of the Xtwn, Xsia, and Xgsc promoters by Wnt, activin, and
BMP signaling will be necessary to better understand the
mechanisms of organizer formation.
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